In exploration for tight oil, the content and saturation of hydrocarbon in the tight reservoir is a key factor for evaluating the reserve. Therefore, it is necessary to study the geological history of hydrocarbon accumulation and the tight oil charging process. However, kinetic models used for petroleum development are not applicable for petroleum exploration. In this study, a static resistance discontinuous pattern of oil charging is reproduced through incompressible Navier-Stokes equations, pore-throat network. The resistance analysis reveals that capillary resistance and dissipation resistance are dominant factors in the mechanism of oil accumulation in tight reservoirs. Numerical simulations show that pressure thresholds exist and result in discontinuous oil charging. Generally, it is proven that the static model is more applicable than kinetic models in describing oil accumulation in tight reservoirs.
Introduction
Tight oil is an unconventional hydrocarbon resource. It is a hydrocarbon accumulation stored in an ultra-lowpermeability reservoir which is usually near or sandwiched by source rocks (Jia et al, 2012) . Following the shale gas revolution in North America, tight oil has become another focus for unconventional hydrocarbon resources. In 2012, the technologically recoverable reserves of tight oil in the United States are approximately 4.53 billion tons (Conti et al, 2012) . It shows great potential for the future exploration and development.
A tight oil reservoir usually has ultra-low porosity ( k and development of tight oil, the content and saturation of hydrocarbons in a tight reservoir is a key factor for evaluating the reserve and estimating ultimate recovery. However, the accumulation and migration mechanisms of fluid in tight reservoirs are more complex than in conventional reservoirs. Many studies of great value have been undertaken in the last few decades. In the early stages, research focused on the nonlinear percolation behaviors of fluid in tight reservoirs, e.g., experiments on threshold pressure gradient (Miller and Low, 1963) , factor analysis (Olsen, 1965) , mathematical model descriptions (Swartzendruber, 1962a; 1962b) , etc. The boundary layer is believed to be the main reason for the nonlinear percolation behaviors (Sakiadis, 1961) . This theory states that there is a fluid layer near the fluid-solid interface due to the adhesive forces. Fluid in this layer is thickness of the layer reduces with an increase of the pressure gradient. Boundary layer theory may be a good mechanism no sophisticated theory.
In recent years, with the development of observation techniques, great progress has been achieved in describing the micro structures of tight reservoir and shale. Reports in (Jarvie et al, 2007; Chalmers and Bustin, 2008; Loucks et al, 2009; Ross and Bustin, 2009; Zou, 2012; Zou et al, 2013c) . Many types of equipment have been applied, e.g., 3D X-Ray CT (Golab et al, 2010; Bai et al, 2013) , SEM (Sondergeld et al, 2010) Studies found that capillary effects are significant in the tension and wettability are the two main factors causing capillary pressure. Research on surface tension focuses on (Badakhshan and Bakes, 1990; Demond and Roberts, 1991; Cai et al, 1996; Zuo and Stenby, 1998; Ye et al, 2011) . Research on wettability has been more focused on the process of water displacing oil (Morrow, 1990; Jadhunandan and Morrow, 1995; Liu et al, 2012) .
However, most of the studies are applicable to the petroleum development stage rather than exploration (Deng et al, 2013; Yao et al, 2013) . Only a few studies have been performed focusing on the petroleum accumulation stage. Based on comprehensive geological investigations, these studies present some definitions and descriptions of sedimentary and tectonic characteristics of unconventional reservoirs (Guo et al, 2012; Kuang et al, 2012; Liu et al, 2013; Zou et al, 2013a; 2013b) . Due to the very significant difference of the time scales between the accumulation and development stages, mechanisms suggested for petroleum development research are not applicable to accumulation studies.
In this study, resistance during the tight oil charging period is analyzed and a static resistance model is proposed. In this model, kinetic resistance is ignored because the charging process is ultra-slow. Then the discontinuous oil charging process is investigated using incompressible NavierStokes equations, the phase field method and the finite element method. Numerical simulations of oil displacing water reproduce the phenomena of threshold pressure and retained water. Although there is still much work needed to complete the proposed model, it is believed that the static model is more applicable than the kinetic model to describe the tight oil charging process.
media

Surface tension and wettability
Surface tension is a contractive tendency of liquid surfaces that can resist an external force. The cohesive forces between liquid molecules are responsible for the phenomenon of surface tension. If the surface is also the interface between two immiscible liquids, it is sometimes called interfacial tension. The molecules on the surface have different cohesive forces from the two liquid phases; therefore the surface usually bends due to the unbalanced forces. Free energy is stored in this curved surface and its unit is J/m 2 (N/m is also used).
Wettability is the ability of a liquid to maintain contact with a solid surface due to the adhesive forces between liquid and solid molecules. The degree of wettability is determined by the difference between adhesive and cohesive forces. Usually the contact angle between the liquid and solid porous media, one liquid, called the wetting phase, has the priority to maintain contact with the pore surface due to the difference of wetting ability. The contact angle of the wetting phase is usually between 0° and 90°.
Surface forces and wettability are also responsible for other related effects, including so-called capillary effects, especially when the fluid channels are small. On the curved surface of two immiscible liquids, the total force is unbalanced due to wettability. This unbalanced force, carried by the surface tension, results in the capillary pressure. The capillary pressure is influenced by the surface tension, wettability and capillary size, i.e., where, P c is the capillary pressure (Pa); is the surface tension (N/m); is the contact angle (°); r is the capillary radius (m). From Eq.
(1), it can be found that there is no capillary pressure (P c =0) if there is no surface tension ( =0) or wettability ( =90°). If the size of the capillary is large (r >> 2 cos ), the capillary pressure is neglected (P c tension and wettability and the size of pore-throat network is comparably small. Under this circumstance, the capillary effect is significant. In the process of oil charging in tight reservoirs, capillary pressure is the main resistant force. In conventional petroleum geology, the resistance of a drop of oil migrating from a pore into a throat can be described as: p (Pa) is the difference between the capillary pressure on the oil-water interface in the throat and that on the oil-water interface in the pore. It should be noticed that Eq. (2) can only describe the capillary pressure difference on an oil drop which has two oil-water interfaces. In conventional reservoirs, c p is usually compared with the buoyancy to evaluate the mobility of oil. However, in unconventional hydrocarbon accumulation, it is not believed that movement of individual drops is the main form of oil migration. Therefore, Eq. (2) is not appropriate to evaluate the migration resistance. Instead, fluid dynamics and effect of surface tension, wettability and pore-throat network on hydrocarbon migration in tight reservoirs.
Macro percolation behaviors
where, v k is the permeability of the porous media (m 2 ); is the dynamic P P is the gradient of the pressure (Pa/m). Usually, the percolation experiments are performed in the laboratory and the pressure (4) P P L P is the pressure difference between the two ends L is the sample length (m). In fact,
Stokes equations under certain circumstances (Kozeny, 1927) . Based on Eqs. (3) and (4) understood in another way, i.e.,
Eq. (5) shows the resistance when fluid flows through a porous media. Obviously, the resistance is proportional to viscosity, percolation velocity and flow distance. It is the resistance of the fluid flow increases linearly with the percolation velocity. However, it has been proved that this relationship is only valid when the percolation velocity is in is usually used to check the applicability and it should satisfy A compromised solution is using a nonlinear equation with a mobilizing pressure gradient to describe the percolation behavior in low-permeable media (Fig. 1) . The percolation curve includes three stages. In Zone I, the curve coincides with the X-axis and no through-percolation occurs. In Zone II, the curve is nonlinear. In Zone III, the curve can be treated as linear (or quasi-linear). As the transition point between Zone I and Zone II, a is usually called the threshold pressure gradient. As the transition point between Zone II and Zone III, b is usually called critical pressure gradient.
As shown in Section 1, a lot of work has been reported on the nonlinear percolation behavior with a threshold pressure gradient. However, Zone III is always considered as the main part in these mechanisms because most of the research is applied to the stage of petroleum development in which certain percolation velocity is required. There are few studies on quantitative description of the mechanisms of Zone I and II.
Different from the percolation behavior during petroleum development, the percolation during the stage of hydrocarbon accumulation is ultra-slow. It is believed that Zone I and II (i.e., the curve below V i in Fig. 1 ) is the dominant mechanism controlling oil charging in tight reservoirs. In the next section, a static resistance model is proposed to describe the mechanism of Zone I and Zone II.
Static resistance
Generally, the total resistance to fluid flow in porous media includes two parts, i.e., static resistance and kinetic resistance. Kinetic resistance is very common in almost all the material movements. Kinetic resistance usually increases with the speed of movement. For example, in Darcy's equation (Eq. (3)), the resistance ( P ) increases linearly with of velocity.
Static resistance plays an important role especially Capillary resistance is a part of static resistance. It should be noticed that capillary resistance only exists in two (multiple) phase flow. Another important part of static resistance is called dissipation resistance. Dissipation resistance includes all the resistance related to the area of fluid-solid interface. Various physical and chemical interactions between the solid and fluid may contribute to dissipation resistance, for example, the adhesive forces and absorption. Obviously, dissipation resistance increases with the specific surface area of the pore-throat network and the distance of the go-through paths for the fluid. Therefore, it can be inferred that dissipation resistance is much larger in a nano-pore network than in a micro-pore network. Dissipation resistance is responsible for the reduction of the pressure gradient in a static condition. (5)).
In the static resistance model, k P is assumed to be zero and
Pore-throat network
The pore-throat network in a porous medium is the bridge connecting the micro and macro behaviors. To some extent, the macro percolation behaviors are the average of an enormous number of micro flows in a complex porethroat network. In the early stage of percolation research, it was not possible to examine the micro structure and the studies of micro flows were not well performed. In another aspect, the macro average was explicit and its accuracy was accepted by engineers. Recently, many micro methods including molecular dynamics have been applied to studying percolation behaviors. The development of observation equipment also helps to exam the micro structure of a sample.
With the help of CT scanners and image processing tools, it can be found, unsurprisingly, that the complexity of the pore-throat network is beyond imagination. Fig. 3 shows the CT images and processed results of a tight sandstone location. Connectivity of these pores and throats is verified (AVIZO, 2014) . Then a numerical simulation is performed based on the obtained connectivity. It can be found that the fluid flow in the ROI is heterogeneous. Most of the locally connected pores are not globally connected in the ROI. Fluid only goes through some unpredictable paths. Obviously, the heterogeneity and non-homogeneity must be considered in investigating the micro mechanism. Statistical physics is the only way to understand such complex system.
This section aims to demonstrate the significance of quantifying pore-throat networks. It plays an important role in reproducing the macro percolation behaviors using micro mechanisms. It is the only way to upscale the micro mechanism by combining a quantitatively described porethroat network. 
Explanation of nonlinear percolation behavior
Because fluid flows through the complex pore-throat network in rock, the flow path is a space curve rather than L) is the nominal migration distance of the fluid. The real migration distance is much longer. Thus, the concept of pressure gradient in a laboratory test is a macro average. From Eq. (4), either a larger pressure difference or a shorter migration distance may deduce a large pressure gradient. Without considering the micro structure of the pore-throat network, important information may be overlooked.
In this study, the macro percolation behaviors are explained through the micro mechanism presented previously. For demonstration, a schematic pore-throat network is drawn related to the structure of the pore-throat network. A sample with higher compaction, smaller average throat size and a complex network presents highly nonlinear behaviors. It is curves considering the heterogeneity.
Applicability
In the previous section, a micro mechanism is proposed to reproduce the macro percolation behaviors. Admittedly, these analyses are based on certain assumptions and applications are only applicable under specific conditions. Some of the assumptions and applicability are discussed in this section.
In classical research on percolation, the pressure gradient is the most importance index to evaluate the permeability of a rock sample. It represents the hydraulic loss of pressure proportional to the average fluid velocity. As kinetic resistance, it is not applicable when fluid speed is very low, like the Darcy's equation. From the previous analysis, static resistance dominates the ultra-slow fluid flow in a tight reservoir. A general expression has been given in Eq. (8). More specific equations for pressure gradient based on dissipation resistance, rather than percolation velocity, will be established in future.
Applicable scale
scale of the pore-throat size. Corresponding to the previous study, the applicable scale of the theory of capillary resistance should be approximately larger than the scale below which molecular dynamics is believed to be the dominant mechanism. On the other side, the capillary effect can be omitted if the pore-throat size is large enough. Therefore, it is empirically suggested that the mechanism of capillary effect is considered when the dominating pore-throat size the pore-throat sizes of unconventional reservoirs distribute. sandstone reservoirs in the Ordos Basin have radii between
Existence of capillary effect
Two phase (oil displacing water) flow will be used to demonstrate the capillary effect. In the process of oil displacing water, surface tension and wettability are an unfavorable combination. It can be inferred that the process of water displacing oil is much easier if water is still the wetting phase. There is even no capillary effect in single phase in porous media. There is always some gas (methane) in a highly saturated rock layer. These isolated gas bubbles cause the Jamin effect which contributes to the total static resistance (Jamin, 1860). Admittedly, it is difficult to distinguish such capillary effects from the dissipation resistance before more studies are performed on the latter. Thus, only the simple 
L
Of all the possible paths, there is one where a minimal pressure threshold is needed (as shown in Eq. (8)), for example, the green path in Fig. 4 . It is assumed that the P a and the real length of the green L green . The nominal pressure gradient is a P a L and it is called the threshold pressure gradient. However, the real pressure gradient should be a P a L green . Before the green path is broken through, the macro percolation curve remains in Zone I. P a , there is mode enters Zone II. With the increase of pressure difference, more paths are broken through, for example, the blue path in increases. Thus, the percolation curve increases nonlinearly. P b , the hardest path in the sample is broken through, for example, the red path. At this moment, the nominal pressure gradient is b P b L, i.e., the critical pressure gradient. Different from a', the real critical pressure gradient cannot be defined, because P b , the percolation behavior enters Zone III. Because there are no more paths that can be broken through, the fluid flux increases linearly with the increase of pressure difference.
In summary, the proposed static resistance model can explain the macro percolation behaviors logically. The typical percolation behavior shown in Fig. 1 is highly 
Properties of pore-throat network
Although the properties of the pore-throat network play an important role in the micro and macro percolation behaviors, sufficient studies have not yet been performed. Current research is qualitative rather than quantitative. In this work, only elementary and abstract network models are considered. In the future, more properties of the network will be quantitatively investigated and considered as factors
Dissipation resistance and pressure gradient
From the previous analysis, dissipation resistance causes the dissipation resistance, for example, properties of the pore-throat network and interaction between the fluid and solid surfaces. In this paper, dissipation resistance has not been investigated. Therefore, the second term in Eq. (8) is not discussed. It will be examined in future work.
Discontinuous oil charging
In the previous section, the proposed static resistance model states that threshold pressures should be overcome to continue oil charging. It implies that the oil charging process is discontinuous even if it is assumed that driving force (COMSOL, 2013) is conducted to reproduce this process and explain some phenomena.
Basic models and validation
In this section, three 3D models of capillaries are established to validate the numerical algorithm.
The models describe three ideal and typical capillary middle of the channel (the upper part is water and the lower of the coarse channel. The middle part is oil. In Model (c), the middle and lower parts, respectively). The radius of the lower initial liquid in the half-space is oil and other parts are water. The numerical models adopt mapped prismatic meshes and there are 1,456, 2,870 and 2,280 elements respectively for the bottom to the top. The channel walls are assumed to be water-wetted. The properties of the fluids and other parameters are shown in Table 1 .
analyses are conducted to validate these basic models. Fig.  6 shows the simulation results of Model (a) by presenting the oil-water interface on a vertical axisymmetric section. This simulation compares 9 scenarios in which the pressure 0 to 0.04 MPa with an interval of 0.005 MPa. It can be found that the oil-water interface locates at different places at the same simulation time. When the pressure difference is lower than 0.025 MPa, the fluid moves toward the oil side due to the capillary pressure. When the pressure difference increases up to 0.025 MPa, the oil-water interface begins to move toward the water. The threshold pressure difference is equal to the capillary pressure which can be analytically calculated through Eq.
(1). It should also be noticed that the fluid velocity and the bending degree of the interface both increase with the pressure difference. Therefore, the speed of the oil charging process does not increase linearly with an increase of the pressure difference, although rapid oil charging is not currently the focus of this research. The pattern of oil-water displacement (Fig. 7) in Model (b) is similar to Model (a). When the pressure difference increases up to 0.05 MPa, the capillary resistance is overcome. This result is consistent with the calculation of Eq. (1). The simulation results (Fig. 8) of Model (c) is similar to Model (b). However, the capillary resistance in Model (c) becomes smaller during the upward movement of the oil column. Therefore, it is much easier for oil to displace water in Model (c) than Model (b). These two models to some migration.
The change of capillary pressure with the capillary size is also validated in this section. Fig. 9 shows the different positions of oil-water interface in different capillaries. The simulation result is also consistent with the capillary theory, therefore not detailed. Fig. 6 Oil-water interface in a uniform capillary under varied pressure difference (t r P=0-0.04 MPa, interval=0.005 MPa) Fig. 7 Oil-water interface in a stepped capillary under varied pressure differences (t r 1 r 2 P=0-0.08 MPa, interval=0.01 MPa) Fig. 8 Oil-water interface in a convergent capillary under varied pressure difference (t r 1 r 2 P=0-0.04 MPa, interval=0.005 MPa) Fig. 9 Oil-water interface in capillary channels with different sizes (t P=0.01 MPa) r=50 nm r=100 nm r=500 nm r=1000 nm
Oil charging in a single channel
In unconventional petroleum geology, a popular assumption is that hydrocarbons migrate into the reservoir after it becomes tight. The driving force for the migration is mainly the overpressure from hydrocarbon generation. It is believed that a process that oil gradually displaces the pore water occurs during the hydrocarbon accumulation. In the following two sections, numerical simulations are performed to reproduce the discontinuous process of oil charging.
First, a single channel is established to model the oil charging process. This model (Fig. 10) includes general channels, a pore and narrower throats. Through the simulation of this model, thresholds of pressure difference mobilizing the displacing process can be observed. The geometries, meshes, in the previous section. Threshold-4 Threshold-1
In the simulation, the driving force, i.e., the pressure P=P 1 P 2 ), is increased step by step. It can be found that there are four pressure thresholds to break in order to complete the oil charging process (Fig. 11) . Threshold-1 comes from the entry of Throat-1 where the breaking pressure is about 0.05 MPa. The mechanism has been explained in Model (a) in the previous section. Threshold-2 comes from the exit of Throat-1 to the pore. Due to the surface tension and wettability, the curvature of the oil-water interface increases during the oil charging. Therefore, greater pressure resistance forms until the curved interface cannot sustain the pressure and changes shape. In this model, the breaking pressure for Threshold-2 is about 0.075 MPa. Similar to Threshold-1, Threshold-3 comes from the entry of Throat-2 and the breaking pressure is about 0.083 MPa. Likewise, Threshold-4 comes from the exit of Throat-2 and the breaking pressure is about 0.099 MPa.
This simulation explains the phenomenon that there is a threshold pressure difference driving the oil charging process to start. From this simulation, it can also be found that the oil charging process is discontinuous. With the increase of the pressure difference (driving force), oil migrates into smaller throats and moves further. Oil saturation is simulated in this model. In the oil charging process, the oil cannot displace all the water in pores. The quantity of retained water is influenced by the structure of the pore-throat network. The channel in Fig. 12 has less retained water than that in Fig. 11 . This feature provides a possible explanation for oil saturation, however, it will not be detailed in the current presentation.
Oil charging in a pore-throat network
In this section, simulations are performed based on a pore-throat network model (Fig. 13 ) which in some extent exits. The geometries, meshes, fluid properties, boundary conditions, etc., are similar to those in the previous section.
At the beginning of the simulation, the entries (P 1-1 and P 1-2 ) and the exits (P 2-1 , P 2-2 and P 2-3 ) have the same pressure, respectively. Then, the pressure differences between the Pore water retention in the oil charging process Fig. 13 The model of oil charging in a pore-throat network
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Fig. 14 The process of pressure threshold in the oil charging process in a pore-throat network
.12 MPa entries and exits are increased. Like the previous simulations, the oil overcomes the capillary resistance and starts to displace the water when the pressure difference is 0.025 MPa (Fig. 14(a) ). When the pressure difference is increased to 0.05 MPa, the oil breaks the path from P 1-1 to P 2-1 ( Fig. 14(b) ). When the pressure difference is increased to 0.07 MPa, the path from P 1-2 to P 2-3 is broken through (Fig. 14(c) ). With the continuous increase of the pressure difference, the path from P 1-1 to P 2-2 P is equal to 0.12 MPa (Fig. 14(d) ). However, it is unexpected that the path from P 1-2 to P 2-3 cannot be broken through no matter how high the pressure difference is.
Different from the retained water in the lower channel, the water in the connecting channel between the upper and lower ones is theoretically movable. But, in current boundary conditions, the pressure difference between the ends of the trapped water cannot reach its threshold. In fact, if proper conditions are formed, the trapped water can also be displaced. For example, the pressure difference between P 1-2 and P 1-1 can be increased and the pressure difference between P 1-1 and P 2 is remained (at 0.12 MPa) in the meantime. The trapped water can be displaced when the pressure difference between P 1-2 and P 1-1 is about 0.13 MPa (Fig. 15) . This phenomenon indicates that oil charging in nano throats is much more difficult. Topology has great influence on the oil charging in nano throats. From the case, it can be found that local pressure difference controls the oil charging in a throat. Global pressure difference does not make sure of important for the research on hydrocarbon accumulation in tight reservoirs or shale.
Discontinuous process of tight oil charging
In this section, numerical simulations are validated and performed to reproduce the discontinuous process of tight oil charging. Some explanations are summarized below.
First, the discontinuous oil charging process here does not refer to the discontinuous process due to tectogenesis which does not guarantee the continuity of hydrocarbon generation. It refers to the discontinuous process due to poor reservoir properties under continuous driving force which is usually the overpressure of hydrocarbon generation.
Second, some assumptions and applicable conditions are prerequisites to reproduce this discontinuous process. The mode of "accumulating after being tight" for tight oil is the primary premise. Hydrocarbon generation of source rock is continuous and oil is driven by overpressure into near-source reservoir. Other applicable conditions for this geological model have been discussed in Section 3.
When the overpressure of hydrocarbon generation is large enough to break through the easiest threshold, the oil begins to charge the reservoir. Then, the oil moves forward to the next threshold. In the meantime, the pressure of oil either increases or decreases. If the hydrocarbon generation rate is high enough to compensate the pressure decrease due to the volume increase when oil moves forward, the oil pressure will increase. Conversely, the pressure drops. After the oil reaches the next threshold, the oil pressure begins to increase until breaking the threshold. Then another cycle of the above process begins.
In the tight oil charging process, there are two interesting features. First, the charging is selective. The charging path is always the easiest one. Unless a local pressure difference to break through. The second feature of the charging process is the displacement efficiency which is highly related to topological properties of pore network. This is the basic reason resulting in the oil saturation of reservoir.
Conclusions
In this study, resistance during the tight oil charging period is analyzed and a static resistance model is proposed. Through applying incompressible Navier-Stokes equations, is used to reproduce the discontinuous process of tight oil displacement. From the analyses and simulations, some conclusions are summarized below. 1) Geologically, the charging of tight oil is an ultra-slow process which cannot be described by kinetic models (e.g., the family of Darcy's equation) because the kinetic resistance has only a minor effect. A proposed static model is more applicable. This model not only explains the accumulation of tight oil but also explains nonlinear behavior of percolation in a microscopic way.
2) In the static model, capillary resistance plays an important role in describing two phase flow. Dissipation resistance is another crucial component of the static model which is critical to the reduction of pressure gradient. However, the latter has not been quantitatively investigated in the current study and will be examined in future.
3) From numerical simulations, it is found that the charging process of tight oil (oil displacing water) is discontinuous. There are many pressure thresholds which should be broken through before the charging process continues. The difficulty and efficiency of tight oil displacement depend on the topological properties of the pore-throat network (e.g., size, shape, etc.). This understanding is very important for identifying "sweet spots" in tight oil reservoirs.
4) Numerical simulations also show that the tight oil displacement always follows the easiest paths. Smaller throats can only be broken through when the local pressure difference is large enough. This discovery forces relative research to pay more attention on issues of effectiveness of nano-throats.
Generally, this study abandons kinetic models usually used for petroleum development. Instead, a more applicable static model is proposed to describe the tight oil charging process. Although this model is based on some assumptions and there is still much work to improve it, the static model is proven of great importance for the research of tight oil accumulation.
